Abstract: Extreme water levels, caused by the joint occurrence of storm surges and high tides, 13 always lead to super floods along coastlines. Given the ongoing climate change, this study explored 14 the risk of future sea-level rise on the extreme inundation by combining P-III model and losses 15 assessment model. Taking Rongcheng as a case study, the integrated risk of extreme water levels 16
Introduction

31
Coastal inundation is predominantly caused by extreme water levels when storm surges are 32 concurrent with astronomical high tides (e.g. Pugh, 2004; Quinn et al., 2014) . Statistically, the 33 extreme flood events were occurred frequently and caused huge devastation (Trenberth et al., 2015) . 
Assessment process and dataset 94
The assessment process of inundation risk followed three steps. First, extreme water levels were 95 calculated using storm surge data, astronomical high tides, and sea-level rise heights by the method 96 of Pearson Type Ⅲ (P-Ⅲ). Second, the inundated area and depth were identified by the flood 97 model (the four nearest neighbors algorithm) using the data of extreme water levels which resulted 98 from the first step and the Digital Elevation Model (DEM). Third, inundation risk was assessed by 99 direct losses model and recurrence period change. The dataset was summarized in Table 1 . 
Construction of the cumulative probability distribution of extreme water levels 108
Extreme water level is a compound event caused by storm surges and astronomical high tides while 109 sea-level rise also contributes to extreme water levels under global climate change. Therefore, in 110 this study, the current extreme water levels (CEWLs) and future extreme water levels were 111 constructed. The latter was a combination of CEWLs and projected heights of sea-level rise under 112 different RCP scenarios and was defined as the scenario extreme water levels (SEWLs). The 113 cumulative probability distribution curves of CEWLs and SEWLs were refitted using a P-Ⅲ model 114 as the Equation (1). The details of this method were shown as Wu et al., (2016) . 115
In this expression, α, β, and α0 are the shape, scale, and location parameters, respectively; x is 117 the annual maximum values for water levels; p is the probability of occurrence. 118
where ST is storm surge and AHT is astronomical high tide; 120
where SLR is the predicted height of sea-level rise in the future; 122
where T stands for the recurrence period of extreme water level and the T-year recurrence level 124 means that an event of extreme water level has a 1/T probability of occurrence in any given year 125 (Cooley et al., 2007) . 126
Because of the uncertain impacts of sea-level-rise on storm surges, the statistical probabilities 127 of storm surge in this model were assumed to be unchanged in future (e.g. process were not considered in this study. In this section, inundated area and depth could be 141 computed. 142
Inundation risk assessment 143
Expected direct losses were calculated using inundated area, inundated depth, vulnerability curves, 
Inundated area 158
In the absence of adaptation, the areas inundated by CEWLs and SEWLs are shown as Fig. 2 . At 159 the present stage, inundated areas range from 156.60 km 2 to 168.8 km 2 when Rongcheng City 160 encounters extreme water levels. However, an expanding trend in inundated area is inevitable 161 because of future sea-level rise; in this analysis, the smallest increase in inundated area would be 162 seen under RCP 2.6 while the largest would be seen under RCP 8.5 while it would be enlarged 163 significantly by 2100 compared to 2050 as sea-level rise continues. The extreme scenario, under 164 RCP 8.5, predicts that the total area where were threatened by flooding ranges from 168.35 km 2 to 165 186.46 km 2 in 2050, and that it may be between 187.72 km 2 and 199.18 km 2 by 2100. According to 166 this projection, the maximum area is around 13% by the end of the century. At high degree for each 167 RCP scenario, inundated area increases by 2100 is likely to range from 14.21% to 19.54% given a 168 100-year recurrence. Summary statistics of future inundated area increase for 50 to 1,000-year 169 recurrence periods are presented in Table S1 (a). 
178
Land-use types of residential land, farmland, woodland and grassland are involved in the 179 estimation of total inundated area while the water bodies and unused land could be ignored in this 180 study. Thus, summarizing the inundated data, the total inundated land-use areas under RCP 8.5 are 181 shown in Fig. 3 areas of residential land and farmland exposed to flooding would rise to around 50 km 2 in 2050 and 188 56 km 2 in 2100, respectively. The flood map (Fig. S2) shows the extension of inundated area by 189 2050 and 2100 given a 100-year recurrence period. 
196
Expected direct flood losses 197
Flood damage does not only depend on inundated area and depth, but is related to the loss rates and 198 values of exposed land-use types. The total expected direct flood losses would be exacerbated with 199 sea-level rise (Fig. 4) and 67% in 2100. Additive statistical information of future expected direct losses increase is 212 presented in Table S1 (b). The losses for main land-use types under the high degree RCP 8.5 scenario 213 are shown in Table S2 and results indicated that residential land would be seriously affected by 214 extreme floods. 
219
Population and GDP affected by extreme water levels 220
With the rapid socio-economic development, population and GDP have distributed along the 221 coastline. Thus, a large proportion of both population and GDP are expected to be affected by 222 extreme floods. Affected population and GDP exposed to flooding would be higher with the 223 expansion of inundation area as a direct result of sea-level rise. 224
The number of affected population under RCP scenarios of 2.6, 4.5, and 8.5 is shown as Fig.  225 5a. Expected population magnitudes, which would suffer from 50 to 1,000-year CEWLs, range 226 between about 70,000 and 79,000. In both 2050 and 2100, this increment is sharp with an enlarged 227 recurrence period and the maximum increment of affected population approaches 20,000 in 2050 228 and 30,000 in 2100. Considering the intermediate scenario of RCP 4.5, around 5.57% to 12.36%12 more people would be confronted with the inundation risk in 2050, while the affected population 230 would increase 9.52% to 23.53% in 2100. Detailed data of the increase in affected population are 231 provided in Table S1(c) . 232
Similarly, sea-level rise also leads to an increased GDP exposure; the scope of affected GDP is 233 presented in Fig. 5b . In the case of no sea-level rise, the total GDP of Rongcheng City at risk from 234 extreme floods would be between $1.72 billion and $1.88 billion. As inundated area increasing due 235 to sea-level rise, the change in affected GDP is obvious. By 2100, projections for affected GDP 236 
Variation of recurrence periods due to sea-level rise 244
Refitting SEWLs combined CEWLs with future sea-level rise demonstrates that the recurrence 245 periods would decrease sharply due to climate change (Fig. 6) . Results suggest that, by 2050, the 246 recurrence periods of extreme water levels would be shortened rapidly. For example, in 2050, the 247 13 100-year recurrence period for CEWL is likely to fall by eight years to 31-year (RCP 2.6), seven 248 years to 26-year (RCP 4.5), and five-year to 21-year (RCP 8.5). In 2100, more seriously, CEWLs 249 would be occurred more probably becoming common events under high degree RCP scenarios. 250
Among the different RCP scenarios, the shrink of recurrence periods under RCP 8.5 is more 251 significant than either RCP 2.6 or 4.5 scenarios. The worst case situation is that 1,000-year 252 recurrence period of CEWL would be occurred every three years; once in a hundred year events are 253 likely to become common, even occurring annually by the end of this century. Such recurrence 254 periods shortening would significantly increase the flooding risk over coming decades. 2011), the extreme risk of inundation was assessed by integrating both of them. In this study, the 266 risk increase induced to sea-level rise was highlighted by the comparison of current with future 267 extreme water levels. SEWLs were recalculated by combining CEWLs with sea-level rise in 2050 268 and 2100 under RCP 2.6, 4.5, and 8.5. The results showed that recurrence periods would be likely 269 reduced by more than 70% by 2050 and this decrease could even exceed 80% by 2100 given high 270 RCP scenarios. In a similar study, Nicholls (2002) reported that a 0.2 m rise in sea-level could 271 markedly reduce recurrence periods of extreme water levels and a ten-year high water event was 272 converted into a six-month event. Indeed, as recurrence periods shortened, low-lying coastal areas 273
would have a higher probability of flood destruction over the next few decades. 274
The continuous sea-level rise would enhance the potential destructive force of future flooding. 275
For example, the results demonstrated that the potential inundated area would be extended by 3% 276 to 11% in 2050 and by 5% to 20% in 2100. In contrast, sea-level rise increased the inundated area 277 exposed to a cyclonic storm surge in Bangladesh by 15% with a 0.3 m rise (Karim and Mimura, 278 2008) . Results showed that residential land and farmland were more vulnerable to sea-level rise 279 coupled with a large potential inundated area and a high proportion of expected direct damage. 280
Residential land was under the biggest risk, according to projected SEWLs under future RCP 281 scenarios which expected direct losses would up to $0.6 billion in 2050 and even exceed $1.00 282 billion by 2100. To put these predicted losses into context, average annual flood losses of Tianjin 283
City was estimated to be as high as $2.3 billion by 2050 (Hallegatte et al., 2013) . It was predicted 284 that Shanghai, susceptible to high water levels, would be 46% underwater by 2100 with its seawalls 285 and levees submerged by rising sea-levels . A range of studies highlighted the 286 fact that many coastal cities, including San Francisco, would experience flooding in the near future 287 as a result of rising sea-level rather than heavy rainfall (Gaines, 2016) . There was no doubt that 288 rising sea-levels would lead to a large number of people and property would be faced with flooding 289 risk, especially the fast growth of China's coastal cities (McGranahan et al., 2007; Smith, 2011) . 290
Given the shortening of recurrence periods in future, property and assets exposed to extreme 291 floods would be more likely. For instance, results showed that under a RCP 8.5 scenario, an extreme 292 15 event that was possible to take place every 1,000 years and cause damage of $0.7 billion would 293 occur about once every 50 years by 2050, even once every two years by 2100. Under these 294 circumstances, many people and industries at extreme risk from floods would have no choice but to 295 retreat from coastal regions. However, studies indicated that most coastal populations were 296 completely unprepared for an increasing risk of extreme floods, especially in developing countries 297 (Woodruff et al., 2013) . 298
Although this study manifested that sea-level rise would significantly increase the flooding risk, 299 some uncertainties still remain. First, on account of spatial heterogeneity, regional sea-level rise 300 should be projected in the future work. The objective of this paper is just to reveal the scientific 301 question that the impact of sea-level rise under global warming on extreme floods so that the 302 projection of global mean sea-level rise was used for its availability, which is consist with Wu et al., that inundation risk would continue to increase up to 2100 and would be the most serious under the 322 RCP 8.5 scenario. In summary, these results revealed that sea-level rise dramatically increased the 323 flooding risk. Effective mitigation and adaptation plans are needed to deal with the increasing 324 coastal inundation risk. 325
